INTRODUCTION
Huntington's disease (HD) is a fatal genetic disorder caused by a mutation in the huntingtin (HTT) gene (1) . In addition to the hallmark neurological manifestations of HD, weight loss is often observed in the course of the disease, becoming malignant at the late stages (2 -5) . Patients exhibiting higher body mass index at presentation tend to experience slower disease progression (6) . The weight loss occurs despite normal to very high caloric intake (2 -4,7) . It had been previously proposed that weight loss in HD patients is due to increased energy expenditure associated with hyperkinesia or dystonia, but this is unlikely to explain the loss, which occurs in HD patients with minimal chorea at early stages of the disease (8) . One possibility is that weight loss and metabolic abnormalities are secondary to central degeneration that is known to occur in the cortex, striatum and other areas such as the hypothalamus, which in turn could affect food intake or energy expenditure (9) . It has also been proposed that alterations in the diurnal cycle of hormones involved in the HPA axis could lead to weight loss; however, studies in HD mouse models suggest that the alterations in the HPA axis may reflect stress responses (10) . Another possibility is that metabolic irregularities result from direct effects of the huntingtin gene defect in peripheral tissues that influence metabolic homeostasis. and metabolic perturbations may contribute to the overall decline in health of HD patients, an understanding of the mechanisms involved may be valuable for designing therapeutic interventions. In addition, identifying predictive (subclinical) factors or markers may help to identify HD patients who are more susceptible to weight loss.
Evidence from studies in mouse models suggests that HD progression is indeed characterized by changes in peripheral tissues in addition to the brain. For example, the R6/2 mouse strain, which expresses a transgene encoding the Nterminal 3% of the human huntingtin protein with an expanded glutamine tract (11) , exhibits alterations in key metabolic tissues such as adipose tissue (12, 13) , skeletal muscle (14) (15) (16) and pancreas (17 -19) . Abnormalities have been described in both white and brown adipose tissue of the R6/2 strain, suggesting alterations in both energy storage (white adipose tissue) and energy dissipation (brown adipose tissue). Specifically, the R6/2 mouse fails to induce thermogenesis in response to cold exposure, indicating impaired brown adipose tissue function (13) . In addition, R6/2 mice exhibit an increase in white adipose tissue mass at 8 -9 weeks of age, associated with reduced lipolysis of stored fat (12) . This is followed by loss of fat tissue and wasting by 12 weeks, which has been associated with increased energy expenditure (20, 21) . These observations suggest that adipose tissue alterations may contribute to the progression of HD.
In recent years, white adipose tissue has been shown to be a key modulator of metabolism in humans and other animals. Conditions in which white adipose tissue mass is abnormally increased (obesity) or decreased (lipodystrophy) lead to impaired metabolic homeostasis manifested as glucose intolerance and insulin resistance, which may progress to diabetes (22, 23) . Weight loss in human HD patients and mouse models is also associated with the development of glucose intolerance and insulin resistance, which may progress to pancreatic beta cell failure and diabetes (17, 18, 24, 25) . A primary mechanism by which adipose tissue influences glucose homeostasis is through the production of adipokine hormones such as leptin and adiponectin, which are secreted into the circulation and act in tissues with key roles in energy metabolism. In general, leptin levels increase with obesity, whereas adiponectin levels decrease with obesity, and the two have opposing effects on glucose metabolism, insulin sensitivity and energy expenditure in tissues such as skeletal muscle and liver. Thus, leptin acts in the hypothalamus to influence food intake and energy expenditure, and adiponectin acts on skeletal muscle and liver to promote glucose uptake and inhibit glucose production (26 -28) . Abnormal levels of these adipokines have been used as a marker for insulin resistance and atherosclerotic risk (29 -31) , but they have not been evaluated during the progression of HD.
Here we determine that disease progression in two independent HD mouse models-R6/2 transgenic (Tg) and CAG140 knock-in (KI) mice-is characterized by alterations in the expression of key adipose tissue genes and in adipokine secretion. We also demonstrate that the mechanism for altered adipocyte gene expression is a cell-intrinsic defect in adipocytes, as it can be replicated by expression of an inducible transgene in cultured adipocytes. These findings indicate that metabolic disturbances in HD may result from direct effects in adipose tissue and raise the possibility that treatment of peripheral abnormalities in HD patients may be a useful therapeutic intervention to improve some symptoms. They also suggest that circulating adipose tissue-derived hormone levels may serve as accessible subclinical markers to monitor HD progression and therapeutic efficacy.
RESULTS
Altered body weight and fat mass in R6/2 Tg and CAG140 KI mice
We studied the potential role of white adipose tissue abnormalities during the progression of HD in two independent mouse models. The R6/2 Tg mouse is a model of rapid disease progression that is fatal within 12-15 weeks due to the expression of a transgene consisting of exon 1 of the human huntingtin gene containing an expanded CAG repeat (reviewed in 32). The CAG140 KI mouse, which carries a chimeric mouse/ human exon 1 containing an expanded CAG repeat inserted into the endogenous mouse Hdh gene, exhibits a slower disease course with a lifespan of about 2 years (33, 34) .
Both R6/2 Tg and CAG140 KI mice exhibited alterations in body weight during disease progression, although with different timing due to the distinct disease time course in the two models. Thus, compared with wild-type animals, R6/2 mice had normal or slightly increased body weight at 8 weeks of age and reduced body weight by 9 weeks (male) or 11 weeks (female) [ Fig. 1A and B; males: genotype Â age interaction F(4,32) ¼ 11.6, P , 0.0001; females: genotype Â age interaction F(4,44) ¼ 12.6, P , 0.0001], in agreement with previous reports (12) . CAG140 KI mice had normal body weight through 7 months of age (data not shown), but reduced body weight compared with wild-type controls beginning at 12 (males) or 25 months (females) [ Fig. 1C and D ; males: effect of genotype F(1,45) ¼ 28.7, P , 0.0001; females: effect of genotype F(1,27) ¼ 7.46, P , 0.02]. The weight loss late in the disease course in both models is reminiscent of that observed in HD patients (2 -5) .
Although male mice showed more pronounced body weight differences, subsequent studies were performed with females due to the availability of greater numbers of female mice. Both the R6/2 and CAG140 strains exhibited age-dependent alterations in white adipose tissue mass. R6/2 mice were analyzed at four ages: 3 weeks (prior to the onset of motor deficits), 6 weeks (commensurate with the onset of motor deficits), 9 weeks (commensurate with the appearance of overt behavioral abnormalities) and 12 weeks (advanced disease stage with reduced body weight). When expressed as % body weight, R6/2 mice had reduced visceral fat pad mass at 3 weeks and increased fat mass at 9 and 12 weeks ( Fig. 2A) . Subcutaneous fat mass was not altered in R6/2 mice at any age (Supplementary Material, Fig. S1A ). The increased body fat beginning at 9 weeks of age in combination with reduced body weight (Fig. 1) suggests a reduction in lean body mass. CAG140 mice did not differ from wild-type mice at 7 months, but had 40-60% reductions in gonadal and subcutaneous fat mass at 22 months of age ( 
Altered adipokine levels in R6/2 and CAG140 mice
It is well established that white adipose tissue has an important endocrine function in metabolic homeostasis through the action of adipokines such as leptin and adiponectin, which are secreted from adipocytes and act in the brain and peripheral tissues to influence glucose metabolism, appetite and energy expenditure (35, 36) . To test whether the altered white adipose tissue phenotype of the R6/2 and CAG140 mice might be associated with abnormal adipokine levels, we quantitated leptin and adiponectin in blood of R6/2 Tg and CAG140 KI mice. In normal animals, circulating leptin levels are typically proportional to body fat. To avoid confounding effects due to weight reductions at advanced stages of the disease, here we examined leptin levels at ages prior to these changes, i.e. at 3 -9 weeks in R/62 mice and at 7 -22 months in CAG140 mice ( Fig. 1B and D) . At ages 3, 6 and 9 weeks, R6/2 mice had 50% lower leptin levels than wild-type mice, an effect that became significant at 6 and 9 weeks (Fig. 3A) . This is in spite of the fact that at 6 and 9 weeks the transgenic animals have body weight and % body fat equal to or greater than wild-type mice ( Figs 1B and 2A) . In CAG140 
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Human Molecular Genetics, 2009, Vol. 18, No. 6 mice, absolute leptin levels were higher than those in R6/2 mice as would be expected (notice different scales on left and right panels of Fig. 3A ) given their greater adipose tissue accumulation due to older age (7 -22 months versus 3-9 weeks for R6/2 mice). Although 7-month-old CAG140 mice showed significantly elevated leptin levels compared with wild-type, by 22 months leptin levels dropped by 80% and were significantly lower than in wild-type mice. The drop in leptin levels of CAG140 KI mice between 7 and 22 months of age occurred despite the fact that KI mice maintained constant % fat mass ( Fig. 2B ) and body weight (29.8 + 4.1 versus 28.6 + 2.1 g, for 7 and 22 months, respectively). Thus, HD progression in the two mouse models is characterized by a drop in leptin levels that is disproportionately low for their body weight and adiposity. A second adipokine, adiponectin, also showed reduced levels in HD mouse models. In healthy animals and humans, adiponectin levels are typically highest in lean individuals and are reduced in conditions with impaired adipose tissue function, such as obesity (37) . Both the R6/2 Tg and CAG140 KI mice exhibited reduced adiponectin levels compared with wild-type mice at nearly all ages (Fig. 3B) . The reduced adipokine levels in HD mice prior to the weight loss that occurs in late stages of the disease suggest compromised adipose tissue function. Together, these results suggest that adipose tissue from HD mice may have reduced functional capacity.
Impaired expression of mature adipocyte genes in HD mouse models
We investigated whether HD progression is marked by alterations in white adipose tissue gene expression. Mature adipocytes are formed from precursor cells that are induced to differentiate in response to hormonal signals (38, 39) . During early stages of adipocyte differentiation, the transcription factors peroxisome proliferator-activated receptor g2 (PPARg2) and CAAT enhancer binding protein a (C/EBPa) are induced, and these subsequently induce target genes for triglyceride biosynthesis [e.g. diacylglycerol acyltransferase (DGAT) and lipin-1] and other mature adipocyte factors [e.g. the adipocyte fatty acid binding protein (aP2) and adipsin]. Using qPCR, we quantitated the expression of adipogenic and lipogenic genes in adipose tissue of R6/2 mice at 4, 9 and 12 weeks and in CAG140 mice at 7 and 22 months of age. All values were normalized to control genes that did not vary between wild-type and mutant mouse tissues (described in Materials and Methods) and are expressed as a ratio of the levels in the mutant compared with the average value for wild-type mice.
Both HD mouse models exhibited substantial alterations in white adipose tissue gene expression during disease progression. In R6/2 mice, we detected a dramatic change in adipose tissue gene expression between 4 and 9 weeks of age. At 4 weeks of age, R6/2 mice exhibited 20-60% elevations in adipocyte gene expression compared with wild-type mice (Fig. 4A) . However, by 9 weeks of age, the expression levels of key adipogenic and lipogenic genes such as PPARg2, C/ EBPa, lipin-1 and DGAT were reduced by more than 50% and remained low at 12 weeks of age. Levels of the constitutively expressed PPARg1 isoform were similar in wild-type and R6/2 Tg mice throughout the lifetime of the animals, indicating that these effects were specific to genes involved in adipocyte maturation or function. The gene expression profile in adipose tissue from 9-and 12-week-old R6/2 mice suggests a 'de-differentiated' phenotype characterized by reduced expression of mature adipocyte genes.
As observed for R6/2 mice, CAG140 mice exhibited a reduction in the level of adipose tissue gene expression commensurate with disease progression. Gene expression levels were normal at 7 months of age, but by 22 months, CAG140 KI mice exhibited 30-80% reductions in expression of adipocyte differentiation factors and aP2, although DGAT expression was not significantly reduced (Fig. 4B) . Thus, even though the R6/2 Tg and CAG140 KI mouse strains exhibit substantially different disease time courses and lifespan, they have remarkably similar gene expression changes in adipose tissue as the disease progresses.
Mutant huntingtin alters adipocyte gene expression in a cell-intrinsic manner
The impaired adipose tissue gene expression observed in the two HD mouse models might arise from a direct effect of Ã P , 0.05 versus the corresponding wt group. mutant huntingtin in adipocytes or as a secondary effect due to systemic alterations. Consistent with a potential direct effect in adipocytes, endogenous huntingtin is expressed ubiquitously in tissues throughout the body, including different adipose tissue depots (gonadal and retroperitoneal white adipose tissue, and interscapular brown adipose tissue; see Supplementary Material, Fig. S2 ). Both the R6/2 Tg and CAG140 KI mice express mutant huntingtin under the control of native huntingtin gene regulatory elements (11, 40) . To test whether mutant huntingtin can affect adipocyte gene expression in a cell-intrinsic manner, we generated 3T3-L1 pre-adipocyte cell lines that express human huntingtin exon 1 containing either wild-type (Htt-Q25) or expanded (Htt-Q103) glutamine repeat number under the control of a hormone-inducible promoter. The stable 3T3-L1 cell lines were differentiated to mature adipocytes, treated with either vehicle or with hormone to induce Htt transgene expression and adipocyte gene expression was measured. We selected cell lines with similar low and high copy numbers of the Htt-Q25 and -Q103 transgenes as determined by qPCR to investigate potential dosage effects. Each cell line served as its own control, with gene expression values presented as the ratio of levels in cells after hormonal induction of the transgene versus treatment with vehicle control. All expression levels were normalized to 18S ribosomal RNA.
Expression of Htt-Q25 had no effect on expression of adipogenic or mature adipocyte genes (Fig. 5A) . This was true in cells expressing both low and high copy numbers of the Htt-Q25 plasmid. Expression of the PPARg1 control did not change in response to induction of either Htt-Q25 or Htt-Q103 expression. However, induction of Htt-Q103 did have a deleterious effect on expression of key adipogenic genes (PPARg2, C/EBPa) and mature adipocyte markers and lipogenic genes, including aP2, lipin-1 and glycerol-3-phosphate dehydrogenase (GPDH) (Fig. 5A) . The effect of Htt-Q103 on gene expression appeared to be dose-dependent, becoming statistically significant in cells expressing high levels of the mutant huntingtin construct. The expression of mutant huntingtin also resulted in reduced triglyceride 
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storage within the adipocytes (Fig. 5B ). This effect was observed in adipocytes expressing either low or high levels of the mutant huntingtin transgene, but not in cells expressing the wild-type version of the transgene. These results indicate that expression of mutant Htt within adipocytes has a direct effect on gene expression and triglyceride storage capacity in these cells.
Mutant huntingtin inhibits PGC-1a co-activation of the PPARg response element in adipocytes A potential mechanism by which mutant huntingtin may alter gene expression is through dysregulation of transcriptional co-activator activity. One co-activator recently implicated in HD pathogenesis in brain is PPARg co-activator 1a (PGC-1a), which exhibits impaired function through reduced expression and/or binding to mutant huntingtin (13, 41, 42) . Known partners for PGC-1a in metabolic tissues include PPARg and lipin-1 (43, 44) and known targets include PPARg-regulated genes such as aP2. Here we have shown that several of these genes exhibit altered expression in white adipose tissue of HD mouse models and in adipocytes expressing mutant huntingtin in vitro, raising the question of whether reduced PGC-1a levels and/or activity may result from expression of mutant huntingtin in adipocytes. We first assessed the expression levels of PGC-1 in adipose tissue from R6/2 Tg mice at early (3 weeks) and late (9 weeks) points during disease progression. PGC-1a mRNA levels were not different between wild-type and transgenic mice at 3 weeks. Both showed a decline with age at 9 weeks, but levels in the transgenic mice were significantly lower than wild-type animals (Fig. 6A) . The related co-activator, PGC-1b, which exhibits overlapping function with PGC-1a including the ability to co-activate PPARg (44), also exhibited reduced expression levels in adipose tissue of 9-week-old R6/2 Tg compared with wild-type mice (Fig. 6A) . Similar studies performed in adipose tissue from 7-and 22-month-old CAG140 KI mice showed extremely low levels of PGC-1 expression in wild-type and mutant mice, due to agedependent decline in PGC-1 expression in adipose tissue, making it impossible to accurately determine the expression levels (data not shown). Thus, as has been reported in human brain, progression of HD in R6/2 Tg mice is associated with reduced adipose tissue expression of PGC-1 co-activators.
To investigate whether mutant huntingtin may interfere with PGC-1a transcriptional co-activation in adipocytes, we tested the effects of Htt-Q25 and Htt-Q103 on PGC-1a activated gene expression in 3T3-L1 pre-adipocytes. Cells were transfected with PGC-1a together with a luciferase reporter gene driven by PPAR response elements (PPREÂ3-Luc), and expression vectors for PPARg and RXRa. Compared with the control samples containing only the reporter plasmid, addition of PGC-1a or PPARg/RXRa-stimulated reporter activity more than 5-fold and more than 18-fold when added in combination (Fig. 6B) . To test the effect of huntingtin, cells were also transfected with Htt-Q25 or Htt-Q103 and expression was induced for 48 h. The addition of Htt Q-25 had no effect on reporter gene activation, but addition of Htt-Q103 interfered with PGC-1a co-activation, reducing the luciferase reporter levels back to baseline (Fig. 6B) . Htt-Q25 and Htt-Q103 proteins were expressed at similar levels, as ascertained by western blot analysis (Fig. 6C) . Thus, mutant huntingtin inhibits PGC-1a activation of the PPARg gene regulatory element. A similar mechanism may be in effect in adipose tissue of R6/2 Tg or CAG140 KI mice, leading to the observed reductions in expression of PPARg and PPARg target genes.
DISCUSSION
In addition to neurological impairment, metabolic changes are an important clinical problem during the progression of HD in human patients. Here we have characterized alterations in a key metabolic tissue, white adipose tissue, in two mouse models of HD. Both the R6/2 Tg and CAG140 KI mouse strains exhibited evidence of adipose tissue dysfunction with disease progression. Despite the fact that the time course of disease in the two models ranges from 12 -15 weeks for R6/2 Tg to more than 2 years for CAG140 KI mice, both strains had progressive reductions in body weight, circulating adipokine Figure 6 . Reduced PGC-1a expression and activity adipocytes expressing mutant huntingtin. (A) mRNA levels for PGC-1a and PGC-1b were determined by qRT-PCR in adipose tissue from R6/2 Tg mice at the ages indicated for five mice of each genotype. Expression levels were normalized to HPRT and TBP. (B) PCG-1a co-activator activity for PPARg was assessed in the presence of Htt-Q25 and Htt-Q103. 3T3-L1 pre-adipocytes were co-transfected with a luciferase reporter construct containing the multimerized (3Â) PPAR-responsive element upstream of the viral thymidine kinase minimal promoter in the indicated combinations with PPARg/RXRa, PGC-1a and Htt-Q25 or Htt-Q103 huntingtin expression vectors. All samples also received a Renilla luciferase expression vector as a normalization control. The luciferase activity produced from the PPAR-responsive reporter gene are shown as the average + SD of four replicates from a representative experiment.
Ã P , 0.05; ÃÃ P , 0.01 for comparisons indicated.
levels and alterations in gene expression in a set of key adipogenic and lipogenic genes. These findings have implications for understanding the pathogenesis, monitoring the progression and treating the symptoms of HD, as discussed below. The changes in gene expression in white adipose tissue may contribute to several of the metabolic symptoms that have been noted in late stages of HD in both mice and humans, including weight loss and insulin resistance (22, 23) . Normal white adipose tissue plays an essential role in maintaining metabolic homeostasis, as demonstrated by the fact that genetic deficiency of mature adipose tissue in lipodystrophy leads to insulin resistance, diabetes, increased food intake and hypermetabolic rate (45) . We purposely selected a set of genes that specifically reflects adipocyte differentiation and important functional features of mature adipocytes. Indeed, we found that the gene expression patterns in adipose tissue from HD mice tend to be biphasic; expression of some genes increase at early stages of the disease, but decrease as the disease progresses, in a manner similar to, but less severe than, that observed in mouse models of congenital lipodystrophy (23) . Our gene expression changes were extremely sensitive to disease progression, particularly up to overt spontaneous phenotype development in the fast progressing R6/2 mice. Specifically, there are substantial reductions in the expression of key adipogenic transcription factors such as PPARg, triglyceride synthesis and storage genes (lipin-1, DGAT, GPDH) and in genes that are characteristic of mature adipocytes (aP2, adipsin). In lipodystrophy, similar alterations in gene expression leads to adipocytes that are less efficient at lipid synthesis and storage, exhibit impaired glucose uptake and have reduced secretion of adipose tissuederived hormones (22, 23, 45) . Such changes are therefore likely to contribute to the weight loss and insulin resistance that develop in HD. White adipose tissue is uniquely useful for biopsy and it is possible that the changes observed here could be used to track disease progression in HD.
Impaired adipocyte function would also lead to the reduced leptin and adiponectin levels observed in the HD mice. As with adipocyte gene expression, circulating adiponectin and leptin levels are dynamic during the course of the disease, with normal or elevated levels at early time points, and become diminished compared with wild-type mice at later ages. The reduction in adipokine levels could not be accounted for by changes in body weight or fat mass and were most likely related to impaired adipose tissue function and corresponding reduced synthesis of mature adipocyte proteins. The altered function, rather than altered amount, of white adipose could make for more accurate, useful and accessible measurements in the clinical environment. Particularly noteworthy is the 4-fold reduction in leptin levels in CAG140 KI mice from 7 to 22 months of age. Because of their important roles in regulating food intake, energy expenditure and glucose homeostasis, the reduced adipokine levels may contribute to the metabolic dysregulation in HD. Reduced plasma leptin levels have also been reported in human HD patients, although no data exist as to whether the levels diminish within an individual over the course of the disease (46) . These results suggest that circulating levels of leptin and other secreted adipocyte factors normalized to body weight may be a gauge of disease severity and stage, and thus a useful biomarker for monitoring disease progression and/or effects of therapeutic interventions.
Transcriptional dysregulation has been proposed as a key mechanism by which the mutant huntingtin protein exerts its toxic effects in the cell (reviewed in 47, 48) . Transcriptional dysregulation in the brain is an early event in disease pathogenesis and has been shown across different models, including humans and the R6/2 and N171 -82Q Tg mouse strains (14, (49) (50) (51) . Altered gene expression levels in peripheral tissues, such as peripheral blood lymphocytes, muscle and pancreatic islets, have also been observed in HD patients and mouse models (14,15,18,52) . Here, we used a set of key genes to determine specifically whether white adipocytes showed dysfunctional gene expression patterns that would alter their function and indeed we found that this was so in two in vivo models of HD. However, it is not clear whether abnormal gene expression in peripheral tissues is a primary effect of mutant huntingtin expression in those tissues or secondary to systemic changes. Here, we addressed this key question by examining the effect of mutant huntingtin expression in cultured adipocytes. We found that high-level expression of Htt-Q103 in mature adipocytes potently reduced the levels of several genes found to be reduced in vivo, including PPARg, lipin-1, aP2 and GPDH. These results strongly indicate that mutant huntingtin within adipocytes has a deleterious effect on gene expression.
Various mechanisms have been proposed for the effects of mutant huntingtin on gene expression in neurons, including interaction of protein fragments/aggregates with components of the core transcription apparatus (53) , with components of the RNA-mediated gene silencing machinery (54) and with the transcriptional co-activator PGC-1a. PGC-1a has a key role in transcriptional activation of genes in adipose tissue, heart and skeletal muscle and in protection of neurons against oxidative damage (42, 44) . In HD, PGC-1a function is impaired through reduced expression and/or binding to mutant huntingtin (13, 41, 42) , and PGC-1a-deficient mice exhibit spongiform lesions in the striatum, impaired thermogenesis and hyperactivity (32, 33, 55, 56) . Since PGC-1a is known to interact with proteins such as PPARg2 and lipin-1 (43) and to co-activate PPARg2 target genes such as aP2, we investigated whether mutant huntingtin expression in adipocytes affects PGC-1 expression levels and/or activity. We found evidence for reduced PGC-1a and PGC-1b expression levels in adipose tissue of R6/2 Tg mice specifically at a late stage of the disease, and also found that mutant huntingtin interferes with PGC-1a co-activation in cultured adipocytes. These findings identify one potential mechanism by which mutant huntingtin may impair adipocyte gene expression.
HD is a debilitating and fatal disease that exacts its toll through neurodegeneration in the striatum, cerebral cortex and hypothalamus. Our studies demonstrate that expression of mutant huntingtin in white adipose tissue is directly detrimental to tissue function and may influence severity or course of the disease. These observations open the door for novel approaches to study and treat HD, and a detailed study of human patient samples is now warranted. The ability to isolate and culture pre-adipocytes from mouse models provides an additional tool to characterize the molecular pathogenesis of HD. More importantly, the accessibility of small amounts of subcutaneous adipose tissue, and the ability to detect adipose tissue-derived hormones in small volumes of blood, may prove useful in designing and monitoring drug therapies. An important aspect of the current findings is that impaired adipose tissue function is detectable in HD mouse strains at early stages of disease progression. For example, reduced leptin levels were detected in the R6/2 Tg mice at 6 weeks of age, where as hypoactivity, limb clasping, changes in gait and involuntary movements typically do not become evident until 8 -12 weeks of age (32, 57) . This raises the possibility that analysis of leptin levels may have diagnostic or prognostic applications, serving as a readily accessible marker to identify patients at risk for poor prognosis or to monitor the progression of disease or response to experimental treatments at early stages of disease progression.
White adipose tissue function is extremely important for glucose homeostasis and energy balance. This suggests that restoring its function in HD patients through peripheral inhibition of mutant huntingtin via RNAi or antisense strategies would have therapeutic value. Furthermore, the activation of adipose tissue PPARg with thiazolidinedione drugs, which are currently in use for treatment of non-insulin-dependent diabetes, may have beneficial effects on promoting adipocyte maturation, as well as recently reported central (i.e. striatal) benefits (58, 59) . Together, these results support the idea that treatment of peripheral tissues in HD may be valuable in retarding progression of the disease and improving quality of life.
MATERIALS AND METHODS

R6/2 and CAG140 mouse strains
All procedures were carried out in accordance with the USPHS Guide for the Care and Use of Laboratory Animals and were approved by the UCLA Animal Research Committee. R6/2 mice were generated by breeding female mice with ovarian transplants from female R6/2 mice (Jackson Laboratory, Bar Harbor, ME, USA) to C57BL/6J Â CBA F1 males. CAG140 KI mice were generated by breeding heterozygous mice in-house. Homozygous KI mice were used. Because repeat lengths of expanded CAG repeats are unstable, CAG repeat lengths for the cohorts used in this study were determined by Laragen, Inc. (Culver City, CA, USA) to be 146 + 4 (mean + SEM) for R6/2 transgenic mice and 123.3 + 0.6 for CAG140 KI mice. Wild-type littermates were used as controls. Mice were housed in a temperatureand humidity-controlled room. Food and water were available ad libitum and mice were kept on a 12:12 h light:dark cycle.
Blood and tissue collection
Blood was collected from mice after a 14 h overnight fast under isoflurane anesthesia and were euthanized immediately afterwards for tissue collection. Leptin and adiponectin levels were determined in 50 and 1 ml plasma samples, respectively, using a Mouse Leptin ELISA Kit (Crystal Chem, Inc., Downers Grove, IL, USA) or Quantikine Adiponectin Immunoassay Kit (R&D, Minneapolis, MN, USA). Fat pads from the gonadal and inguinal subcutaneous depots were dissected and weighed and weights expressed as a percentage of total body weight.
RNA quantitation
Total RNA was isolated from adipose tissue or cultured cells with Trizol (Invitrogen, Carlsbad, CA, USA) and treated with RNase-free DNase (Ambion, Austin, TX, USA) to remove any contaminating genomic DNA. First-strand cDNA synthesis was performed using oligo-dT primers (Invitrogen). Real-time PCR reactions were performed on the iCycler iQ real-time detection system (BioRad, Hercules, CA, USA) using SYBR Green PCR QuantiTect reagent kit (Qiagen, Valencia, CA, USA) as described previously (60) . Each assay included (in triplicate): a standard curve of four serial dilution points of control cDNA (ranging from 100 ng to 100 pg), a no template control and 25-50 ng of each sample cDNA. The relative concentration of the endogenous controls (TBP, TATA box-binding protein; HPRT, hypoxanthine phosphoribosyltransferase; 18S ribosomal RNA) and genes of interest were determined by plotting the threshold cycle (C t ) versus the log of the serial dilution points, and relative expression of the gene of interest was determined after normalizing to endogenous controls. Primers used for real-time PCR were designed to span an intron and are as follows: TBP (acccttcaccaatgactcctatg, atgatgactgcagcaaatcgc); HPRT (cacaggactagaacacctgc, gctggtgaaaaggacctct); 18S RNA (accgcagctaggaataatgga, gcctcagttccgaaaacca); PPARg1 (cacgttctgacaggactgtgt, cagcaaccattgggtcagctc); PPARg2 (cca gagcatggtgccttcgct, cagcaaccattgggtcagctc); C/EBPa (gaaca gcaacgagtaccgggta, gccatggccttgaccaaggag); lipin-1 (ggtcccccagccccagtcctt, gcagcctgtggcaattca); DGAT (tgctacga cgagttcttgag, ctctgccacagcattgagac); GPDH (gtggtaccccatca gttcattg, gtccttcaggagctgtccctg); aP2 (gaacctggaagcttgtcttcg, accagcttgtcaccatctcg); adipsin (actccctgtccgcccctgaacc, cgaga gccccacgtaaccacacct); PGC-1a (ctcacagagacactggacagt, tgta gctgagctgagtgttgg); PGC-1b (ccgatgactccgagctcttcca, tgcaga taagggggcaggtga).
Adipocyte cell lines expressing inducible wild-type and mutant huntingtin constructs
The 3T3-L1 pre-adipocyte cell line was transfected with plasmids generously provided by Dr Erik Schweitzer containing exon 1 of human huntingtin (Htt) fused to enhanced green fluorescent protein (EGFP) under the direction of an ecdysone-responsive promoter (61) . Two versions of the plasmid were used: Htt-Q25, which contains a polyglutamine tract of 25 residues and served as the control, and Htt-Q103, which contains an expanded polyglutamine tract of 103 residues. Stably transfected 3T3-L1 cell lines were obtained by selection in G418, and cell lines that had integrated the plasmid at 'low' and 'high' copy numbers were characterized by quantitation of EGFP sequences in genomic DNA by realtime PCR (primers, EGFP-f, acgtaaacggccacaagttc; EGFP-r, aagtcgtgctgcttcatgtg). Inducible expression of Htt-EGFP was confirmed by treating cells with 1 mM tebufenozide in DMSO (62) and monitoring the induction of Htt-EGFP mRNA by qRT -PCR. To distinguish between Htt -EGFP sequences present in genomic DNA and in mRNA transcripts, the PCR was performed after treatment of RNA samples with
RNase-free DNase to remove contaminating genomic DNA and in the presence and absence of reverse transcriptase. For studies of adipocyte gene expression, the stable 3T3-L1 cell lines were induced to differentiate into mature adipocytes by treating confluent cultures for 2 days with Dulbecco's modified Eagle's medium containing 10% bovine serum, 10 mg/ml insulin, 5 mM dexamethasone and 0.5 mM 3-isobutyl-1-methylxanthine. Incubation was continued for an additional 4 days in the same medium containing 10% fetal bovine serum and 10 mg/ml insulin to produce mature adipocytes with lipid accumulation. At day 6 after initiation of differentiation, adipocytes were treated with DMSO vehicle or 1 mM tebufenozide for the determination of gene expression in basal conditions or after induction of the Htt constructs, respectively. RNA was prepared and gene expression determined by real-time RT -PCR as described above. Cellular triglyceride levels were quantitated using an acetyl-acetone-based colorimetric assay (Wako Chemicals, Richmond, VA, USA) and normalized to protein levels determined by Bradford assay.
PGC-1a co-activator assays
To determine the effects of mutant huntingtin on gene activation by PGC-1a in adipocytes, the 3T3-L1 pre-adipocyte cell line was transfected with expression plasmids for PGC-1a, PPARg and RXRa (kindly provided by Dr Peter Tontonoz), and a reporter plasmid containing three copies of a PPAR response element upstream of a viral thymidine kinase minimal promoter firefly luciferase vector (kindly provided by Dr. Ronald Evans; (63) . In addition, a plasmid expressing Renilla luciferase (phRL-TK Renilla, Promega Corporation, Madison, WI, USA) was transfected to normalize for variations in transfection efficiency. Duplicate sets of samples included an expression plasmid for exon 1 of the huntingtin gene containing either Htt-Q25 or Htt-Q103, described above. Using Effectene (Qiagen) 80 000 cells were transfected, and 36 h later, firefly and Renilla luciferase activities were quantitated using the Dual-Luciferase Reporter System (Promega) and a Glomax microplate luminometer (Promega). In each experiment, samples were analyzed in quadruplicate, and each experiment was repeated at least twice. To assess Htt-Q25 and Htt-Q103 protein levels in transfected cells, parallel samples were harvested, lyzed and equivalent amounts of cellular protein were resolved by PAGE in 12% Tris-glycine gels. Htt proteins were detected by virtue of the EGFP fusion using monoclonal anti-GFP antibody diluted 1:500 (MAB2510, Chemicon).
Statistics
Body weights were compared using repeated measures ANOVA (R6/2) or completely randomized ANOVA (CAG140), using GB-Stat v8.0. Post hoc comparisons were made using Fisher's LSD test. Student's t-test was used for comparisons in gene expression and adipokine levels between Tg or KI mice and their respective controls. A critical value of P , 0.05 was used as a significance threshold for all comparisons.
